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MicroRNAs (miRNA) are implicated in brain develop-
ment and function but the underlying mechanisms
have been difficult to study in part due to the cellular
heterogeneity in neural circuits. To systematically
analyze miRNA expression in neurons, we have
established amiRNA tagging and affinity-purification
(miRAP) method that is targeted to cell types through
the Cre-loxP binary system in mice. Our studies of
the neocortex and cerebellum reveal the expression
of a large fraction of known miRNAs with distinct
profiles in glutamatergic and GABAergic neurons
and subtypes of GABAergic neurons. We further
detected putative novel miRNAs, tissue or cell type-
specific strand selection of miRNAs, and miRNA
editing. Our method thus will facilitate a systematic
analysis of miRNA expression and regulation in
specific neuron types in the context of neuronal
development, physiology, plasticity, pathology, and
disease models, and is generally applicable to other
cell types and tissues.
INTRODUCTION
In the mammalian brain, neural circuits often consist of diverse
cells types characterized by their stereotyped location, connec-
tivity patterns, and physiological properties. To a large extent,
the identity and physiological state of neuron types are deter-
mined by their patterns of gene expression (Nelson et al.,
2006; Hobert et al., 2010). Therefore, a comprehensive under-
standing of gene expression profiles in defined cell types not
only provides a molecular explanation of cell phenotypes
but also is necessary for establishing the link from gene function
to neural circuit organization and dynamics. In addition to
gene transcription which dictates mRNA production, the stability
and translation of mRNAs are regulated by microRNAs
(miRNAs), the class of 2023 nt small noncoding RNAs (He
and Hannon, 2004; Bartel, 2004). miRNAs can also influence
transcription by regulating the translation of transcriptionalfactors (Hobert, 2008). Recent studies begin to reveal diverse
role of miRNAs in the brain, such as in neural patterning
(Ronshaugen et al., 2005), neural stem cell differentiation (Kuwa-
bara et al., 2004), cell type specification (Poole and Hobert,
2006), synaptic plasticity (Schratt et al., 2006), and also in neuro-
psychiatric disorders (Shafi et al., 2010; Xu et al., 2010a).
However, the mechanism and logic by which miRNAs regulate
neuronal development, function, and plasticity are not well
understood. A necessary step is a comprehensive characteriza-
tion of miRNA expression profiles at the level of distinct neuron
types, because individual cell types are the building blocks of
neural circuits as well as the basic units of gene regulation.
Analysis of gene expression, including miRNA expression, in
the brain has posed a major challenge in genomics despite
rapid advances in sequencing technology, because neuronal
subtypes are highly heterogeneous and intermixed. Until
recently, cell type based expression profiling in the brain has
mainly relied on physical enrichment of target cell population
such as laser capture microdissection (Meguro et al., 2004;
Rossner et al., 2006), fluorescence-activated cell sorting
(FACS) (Tomomura et al., 2001; Lobo et al., 2006), or manual
sorting (Sugino et al., 2006). These methods are often labor
intensive and of low yield. Furthermore, the physical damage
and stress inherent to these procedures may alter the physiolog-
ical state of cells and likely their gene expression. The recent
invention of genetic tagging methods, such as TRAP (Heiman
et al., 2008b) and Ribo-tag (Sanz et al., 2009), begin to overcome
these obstacles, but these strategies have been limited to the
analysis of mRNA expression.
Here, we present a novel miRNA tagging and affinity-purifica-
tion method, miRAP, which can be applied to genetically defined
cell types in any complex tissues in mice. This method is based
on the fact that mature miRNAs are incorporated into RNA-
induced silencing complex (RISC), in which the Argonaute
protein AGO2 directly binds miRNAs and their mRNA targets
(Hammond et al., 2001). We demonstrate that epitope tagging
of AGO2 protein allows direct purification of miRNAs from
tissue homogenates using antibodies against the engineered
molecular tag. We further established a Cre-loxp binary expres-
sion system to deliver epitope-tagged AGO2 (tAGO2) to geneti-
cally defined cell types. To demonstrate the feasibility of this
approach in the brain, we have analyzed miRNA profiles from
five neuron types in mouse cerebral cortex and cerebellum byNeuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc. 35
Figure 1. The miRAP Methodology
(A) The scheme of miRNA tagging and affinity purification (miRAP). tAGO2 (a GFP-MYC-AGO2 fusion protein) expression is activated by Cre recombinase in
certain cell types in mouse brain. Using MYC antibody, miRNAs in Cre+ cells are coprecipitated with tAGO2. Using AGO2 antibody, miRNAs in all cells of the
tissue are coprecipitated with AGO2 or tAGO2. RNAs prepared from immunoprecipitation (IP) product is subjected to deep sequencing or miRNA Taqman PCR.
(B) Cre-loxP binary system to achieve cell-type-specific delivery of tAGO2.
(C) Western analysis of tAGO2 expression and immunoprecipitation.
(D) Autoradiogram of 32P-labeled RNA purified from tAgo2 brain lysate by immunoprecipitation. RNAs ranging between 20–30 nt were observed, corresponding
to the size of miRNAs (see also Figure S1 and Table S1).
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fraction of knownmiRNAs (over 480) which show distinct profiles
in glutamatergic and GABAergic neurons, and subtypes of
GABAergic neurons. Our method further detects 23 putative
novel miRNAs and also provides evidence for tissue-specific
strand selection of miRNAs and miRNA editing in subset of
neuron types. ThemiRAPmethod therefore enables a systematic
analysis of miRNA expression and regulation in different neuron
types in the brain and is generally applicable to other cell types
and tissues in mice.
RESULTS
A Genetically Targeted MicroRNA Tagging Methodology
Our strategy for molecular tagging and affinity purification is
based on the knowledge that mature miRNA is incorporated
into the RNA-induced silencing complex (RISC) where the
miRNA and its mRNA target interact (Hammond et al., 2001).
Argonaute (AGO) proteins are at the core of RISC complex and
directly bind miRNAs. AGO immunoprecipitation has been
successfully used to isolate miRNAs and their mRNA targets
(Easow et al., 2007; Beitzinger et al., 2007; Hendrickson et al.,
2008; Zhang et al., 2007; Hammell et al., 2008; Karginov et al.,36 Neuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc.2007). Among the four members in the AGO family in human
and mouse, only AGO2 exhibits endonuclase activity (Meister
et al., 2004; Ikeda et al., 2006) and is indispensible for Dicer-inde-
pendent miRNA biogenesis (Cheloufi et al., 2010). We therefore
chose to tag AGO2 by fusing GFP and MYC at its N terminus
(tAGO2) (Figure 1B). GFP allows visualization of tAgo2 expres-
sion and MYC allows efficient affinity purification of associated
miRNAs.
In addition to confirming the functionality of tAGO2, it is essen-
tial to reliably and systematically deliver tAGO2 to different cell
types at consistent levels. We achieved this using the Cre/loxp
binary expression system (Figure 1B). We generated a knockin
allele at the Gt(ROSA)26Sor (Rosa26) locus which expresses
tAGO2 upon Cre/loxp recombination (R26-LSL-tAGO2).
Combined with an increasing inventory of cell type-restricted
Cre driver lines (Taniguchi et al., 2011) this strategy would allow
systematic analysis of miRNA expression in different cell types in
mice.
To test the functionality of the LSL-tAgo2 allele, we first
crossed the reporter mouse to a CMV-Cre line to activate
tAgo2 expression in the germline. Offspring of CMV-Cre;LSL-
tAgo2 were identified in which tAgo2 is ubiquitously expressed
in all cells of the animal (the tAgo2 mouse) (see Figure S1
Figure 2. Cell-Type-Specific tAgo2 Expression in the Neocortex and
Cerebellum Activated by Cre Drivers
Cre driver lines used are marked at top of each panel. tAgo2 expression was
detected byGFP immunostaining. Pia of cortex is outlined. In theCamk2a -Cre
line which labels pyramidal cells, GAD2 antibody was used due to the lack of
appropriate Camk2a antibody; the lack of co-localization with GAD2 indicates
tAgo2 expression in pyramidal neurons (also see Figure S2, which demon-
strates neuronal expression). In cortical GABA neuron drivers (Gad2, Pv, Sst),
GFP+ cells colocalizedwith corresponding cell-typemarkers. In the L7-cre line,
Purkinje cells were identified by their characteristic morphology and position.
Note the prominent GFP signal in Purkinje dendrites. tAGO2 is predominantly
localized in cell somata but not the nucleus, surrounded by LaminB (red) which
labels nuclear envelop. Scale bar: 100 mm in low-magnification images, 20 mm
in high-magnification images, 10 mm in LaminB image (see also Figure S2).
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enous band was detected in whole-brain homogenates from
both the tAgo2 and LSL-tAgo2 mouse, while the higher molec-
ular weight tAGO2 band is only detected in tAgo2 sample (Fig-
ure 1C). This result demonstrates the tight Cre-dependent
activation of tAgo2 expression from the LSL-STOP cassette.
Using antibody to AGO2, GFP, or MYC, tAGO2 can be effi-
ciently immunoprecipitated (IP) from tAgo2 brain lysate (Fig-
ure 1C). To examine the identity of coprecipitated RNAs, they
were extracted from IP product, radio-labeled and visualized
by denaturing urea-PAGE. Enrichment of RNAs corresponding
to miRNAs (e.g., 20–23 nucleotides) was observed using
AGO2, MYC or GFP antibody-conjugated Dynabeads, but not
with IgG control (Figure 1D). In addition, miRNA Taqman PCR
detected miRNAs that are known to be brain specific in these
RNA extracts (e.g., miR-124) at much higher levels than others
that are known to be absent (e.g., miR-122, data not shown).
miRNA Profiling in Several Neuron Types
of the Neocortex and Cerebellum
We used the LSL-tAgo2 strategy to profile miRNA expression in
glutamatergic, GABAergic, and subclasses of GABAergic
neurons in P56 mouse neocortex and cerebellum. Cortical excit-
atory pyramidal neurons and inhibitory interneurons differ in their
embryonic origin, neurotransmitters, and physiological function
(Sugino et al., 2006). GABAergic interneurons further consist of
multiple subtypes characterized by distinct connectivity, physio-
logical properties, and gene expression patterns (Markram et al.,
2004; Ascoli et al., 2008). In particular, the Ca2+-binding protein
parvalbumin (PV) and neuropeptide somatostatin (SST) mark
two major nonoverlapping subtypes (Gonchar et al., 2007; Xu
et al., 2010b; Rudy et al., 2011). Whereas the PV interneurons
innervate the soma and proximal dendrites and control the
output and synchrony of pyramidal neurons, the SST interneu-
rons innervate the more distal dendrites and control the input
and plasticity of pyramidal neurons (Somogyi et al., 1998; Di
Cristo et al., 2004). Finally, Purkinje cells are GABAergic projec-
tion neurons which carry the sole output of cerebellar cortex.
We used well-characterized transgenic or knockin Cre driver
lines to activate tAgo2 in these cell types (Figure 1B; Table S1).
The cell-type specificity of tAGO2 was validated by dual immu-
nostaining using antibodies against GFP and appropriate cell-
type markers (Figures 2 and S2; Table S1). Although not all
neurons of a given classes expressed tAgo2, almost all GFP+
cells colocalized with corresponding cell-type markers, proving
the highly stringent specificity of our system. tAGO2 predomi-
nantly localized to the cytoplasm in neuronal somata but was
also detected in neurites, with a particularly prominent example
in the dendritic tree of Purkinje cells (Figure 2). miRAP was per-
formed in cortical or cerebellar homogenates. Tissues from
multiple mice were pooled as one IP sample when necessary.
RNAs were immunopurified using a MYC antibody, extracted
for construction of small RNA libraries which were analyzed by
deep sequencing (Figure 1A). As a reference for these cell-
type-specific miRNA profiles, we also sequenced miRNAs
immunopurified by AGO2 antibody from neocortex and cere-
bellum and generated tissue-wide miRNA profiles. Consistent
with previous reports, we observed that a group of miRNAsNeuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc. 37
Figure 3. Relative miRNA Expression Profiles and Hierarchical Clustering of Samples
Relative expression profiles of mature miRNAs were constructed as follows: the raw reads counts of eachmiRNA are first normalized to the total number of reads
that were mapped to all of the known mature miRNAs and miRNA* species, then log2 transformed, and mean centered. Inset: hieratical clustering of miRNA
expression of all the libraries (see also Tables S1 and S2).
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miR-9, were highly enriched in all the samples. (Bak et al.,
2008; Landgraf et al., 2007).
In total, we generated 19 libraries and 291,164,604 raw reads.
After removal of low-quality reads and those lacking 30 adaptor,
68.2% of the filtered reads equal or longer than 18 nt were
perfectly mapped to the mouse genome (mm9). 99.5% of all
mapped reads can be aligned to known miRNA hairpins
(miRbase version 16). This percentage is higher than those
from small RNA libraries constructed from size fractionated total
RNA in most previous studies (commonly ranging 50%80%),
indicating that AGO2 immunoprecipitation is a more efficient
way to enrich miRNAs while excluding other small RNAs such
as degradation product of mRNAs (Table S1). In our experi-
ments, the correlation coefficient of miRNA profiles from biolog-
ical replicates within a group (the same cell or tissue type) were
extremely high (>0.96; Table S1), indicating the high reproduc-
ibility of the miRAP method.38 Neuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc.Hierarchical clustering based on the average linkage of
Pearson Correlation (Eisen et al., 1998) of miRNA profiles
revealed nonrandom partition of the samples into two major
branches, one containing all five individual neuron types and
the other containing the two tissue types (Figure 3). This result
demonstrates the necessity and power of cell type based anal-
ysis. A common assumption is that brain specific or CNS specific
miRNAs are likely to be neuron specific. Our findings suggest this
is not always the case. For example, miR-143 was expressed at
relatively high levels in both neocortex and cerebellum (ranking
at 30 and 51 respectively, from highest to lowest, average
normalized per million reads number >10,000) but expressed
at relatively low levels in all the examined neuron types (ranking
after 160, average normalized per million reads number < 500,
pairwise fold-change > 20, p < 1084) (Table S2). It is likely that
miR-143 and certain other brain enriched miRNAs may in fact
be highly expressed in non-neuronal cells such as astrocytes.
On the other hand, miRNAs that are enriched in specific but
Neuron
Cell-Type-Based MicroRNA Analysisrelatively rare neuron types are likely to be underrepresented and
under-appreciated in miRNA profiles generated from the tissue
homogenates. For example, miR-34a ranked at 14 in PV profiles
(average normalized per million reads number >100,000), but
only at 116 in neocortex profiles (average normalized per million
reads number <5,000, pairwise logarithm fold-change >200,
p < 1040; Table S2). Together, these results highlight the critical
importance of cell-type-based approach in analyzing miRNA
expression and function.
Although more similar to each other than to individual neuron
types, difference in miRNA expression is observed between
neocortex and cerebellum (Figure S3A and Table S3). This is
consistent with results from different brain regions using miRNA
microarray. For example, miR-128 is expressed 4-folds higher
in neocortex than in cerebellum, while miR-195 and miR-497 are
expressed at >10-folds higher in cerebellum than in neocortex. In
total, 221 out of 527 detected miRNAs and miRNA* were identi-
fied as differentially expressed between these two brain regions
in P56 mouse (p value < 0.001; Figure 3A and Table S3), some of
which exhibit differences as high as 40-55 fold (mmu-miR-141,
mmu-miR-133b, mmu-miR-219-3p, mmu-miR-485).
Within the five neurons types, cortical Gad2, PV and SST
neurons cluster together most closely, as expected from their
common origin and transmitter phenotype. The miRNAs en-
riched in these groups, such asmiR-34c andmiR-130b, are likely
to regulate functions that are common in all neocortical
GABAergic interneurons. Others which show differential expres-
sion might serve as ‘‘finger prints’’ for subtypes of GABAergic
neurons and regulate subtype specific functions. For example,
both miR-133b and miR-187 are highly enriched in GABAergic
neurons when compared to glutamatergic pyramidal neurons
(Figure 4F; Table S4). However, miR-133b is significantly more
enriched in PV cells, while miR-187 is more enriched in SST cells
(Figure 4F; Table S5). Interestingly, neocortical GABAergic
neurons cluster more closely with Purkinje cells from cerebellum
than with cortical glutamatergic neurons. This suggests that
neurotransmitter phenotype, a major aspect of neuronal identity,
is a more significant determinant than brain regional location in
neuronal miRNA expression.
To compare expression levels of each miRNA in different
libraries, we constructed relative miRNA expression profiles
and arranged the miRNA according to their expression pattern
(Figure 3). Many miRNAs have substantially stronger expression
in one or more neuron types or tissue types than in others. This
selective expression pattern suggests specificity in target regu-
lation, and thus specific miRNA function, in different cell types
and anatomical regions.
Validation of Deep Sequencing Results by miRNA
Taqman PCR
To more closely examine differential miRNA expression in
different cell types (Figure 4A), we performed pairwise compar-
ison between cortical glutamatergic and GABAergic neurons
(Figure 4B), and subtypes of GABAergic neurons (Figure 4C).
To validate the cell type differences revealed by deep sequenc-
ing, we used Taqman PCR to assess subsets of miRNAs from
independent sets of samples. As the miRAP method enriches
miRNAs but depletes other RNA species by design, we cannotuse housekeepingmRNAs as endogenous control for normaliza-
tion. Instead, difference for each miRNA between two cell types
was calculated using the DDCt method, i.e., first normalized to
the Ct value of miR-124, then compared between each other.
In order to directly compare deep sequencing result with
Taqman PCR result, the per million reads number of individual
miRNAs in deep sequencing profiles are log2 transformed and
normalized to the value of miR-124 as well. As what we exam-
ined was the relative expression of miRNAs among samples,
not their absolute abandunce, in theory we could choose any
miRNA with consistent and detectable level of expression as
normalization standard. miR-124 is chosen for practical reasons:
it was sequenced with high reads number in all samples, and it
can be consistently amplified with rather low amount of starting
material by Taqman PCR.
We first examined the Camk2a and Gad2 group which repre-
sent the two cardinal neuron types in neocortex. 157 out of 523
detected miRNA or miRNA* were identified to have significant
differential expression in deep sequencing profiles (p < 0.001;
Figure 4B; Table S4). We did Taqman PCR for 21 miRNAs,
and found very high concordance between the two profiling
techniques. Not only the trend of enrichment or depletion
matched, but also the exact fold change value resembled closely
(Figure 4D).
Next, we compared the PV and SST groups, which represent
two major nonoverlapping subtypes of cortical GABAergic
interneurons. Out of 511 detected miRNA or miRNA*, 125 were
identified to have significant differential expression in deep
sequencing profiles (p < 0.001; Figure 4C and Table S5). A set
of 10 miRNAs were examined by Taqman PCR, which also
validated the deep sequencing results very well (Figure 4E).
Similarly, Taqman PCR validated the deep sequencing results
in Purkinje cell versus cerebellum (Figure S3B and Table S6).
As an independent validation of the miRAP method, we per-
formed FACS sorting to isolate Camk2a cells in neocortex and
extracted RNA for Taqman PCR analysis. In order to label
Camk2a neurons specifically, we generated a Rosa26-loxp-
STOP-loxp-H2B-GFP reporter line which brightly labels cell
nuclei upon Cre activation (Figure S3C). Breeding with the
same Camk2a -Cre line used for miRAP, we were able to sort
Camk2a cells at high purity. Most of miRNAs tested show very
similar expression level between the two purification methods,
proving miRAP as a reliable method to enrich cell type specific
miRNAs (Figure 4F).
miRNA Clusters and Families
A large number of miRNAs reside in clusters in the genome
(Altuvia et al., 2005), with miRNAs in the same cluster sharing
the same promoter and polycistronic pri-miRNA transcript. Short
distances betweenmiRNA genes on the chromosome imply they
may be located in a cluster, but it is not obvious what would be
the appropriate distance to define a cluster and different stan-
dards have been used (Baskerville and Bartel, 2005; Leung
et al., 2008; Altuvia et al., 2005). Because miRNAs in the same
cluster are cotranscribed, their expression should be more
consistent with each other than those which are located in
different clusters (Tanzer and Stadler, 2004). We examined the
relationship between genomic distance and pairwise correlationNeuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc. 39
Figure 4. miRNA Expression Profiling in Neocortical Neurons
(A) A simple schematic of neocortical neurons included in this study. The twomajor neuron types, glutamatergic projection neurons and GABAergic interneurons,
are targeted by Camk2a-cre and Gad2-cre lines, respectively. PV and SST interneurons are two nonoverlapping subtypes of GABAergic neurons targeted by
Pv-Cre and Sst-Cre, respectively.
(B and C) Normalized expression values of miRNAs are plotted for Camk2a versus Gad2 samples and PV versus SST samples. The middle diagonal line
represents equal expression, and lines to each side represent 2-fold enrichment in either cell population. The labels of axes are log2 scaled. miRNAs with fold
changes equal or larger than 2 and p values lower than 0.001 are represented in red.
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The average correlation of paired miRNAs drops sharply at the
genomic distance of 50 kb (Figure 5), suggesting the average
size of miRNA clusters may be approximately 50 kb. This result
agrees with those from Chiang et al. (2010) which examined
miRNA profiles in different tissue types.
Based on primary sequence and secondary structure conser-
vation, miRNAs can be grouped into different families. miRNAs
from the same family evolved from a common ancestor and
have high sequence homology. Therefore, family members
may share mRNA targets and are involved in the similar aspects
of biological function. As cell type is the basic unit of gene
regulation in brain tissues, we examined whether miRNAs within
a family have similar expression pattern. Information on miRNA
families was obtained from miRBase. By examining the distribu-
tion of correlation coefficient, we observed higher correlation of
expression across the five cell types and two tissue types for
miRNAs within the same family than ones between families.
This result indicates cooperation and co-regulation of homolo-
gous miRNAs (Figure 5B).
Tissue-Specific Strand Selection of miRNAs
Mature miRNAs can be processed from either the 50 arm or 30
arm of the precursor miRNA hairpin but in most cases are pref-
erentially processed from only one arm. Overall, the discrimina-
tion of preferred strand (miRNA) over the other strand (miRNA*) is
very high (Hu et al., 2009). Indeed, in our libraries the preferred
stand comprises >90% of all the reads mapped to miRNA or
miRNA* (Figure S4). In our data set, the preferred arm largely
remained consistent across the cell and tissue types. However,
a few miRNAs switched dominant arms in different libraries.
For example, miR-544-3p was sequenced more frequently in
Purkinje cell and cerebellum samples, while miR-544-5p was
sequenced more frequently in the four neocortical cell samples
and neocortex tissue sample. Because the two strands are
expected to regulate different in mRNA targets, this brain
regional difference in strand selection may have functional
relevance in cellular phenotypes and physiology. In the case of
miR-299 versus miR-299*, there were more reads of miR-299*
in all libraries except in the two from SST cells. The case of
miR-485 is more complicated: there is higher reads number for
miR-485* in Purkinje cells, Camk2a cells and cerebellum, but
similar reads number for miR-485 versus miR-485* in other
libraries (Table 1).
Analysis of miRNA Editing
RNA editing is the alteration of RNA sequence post transcription
through nucleotide insertion, deletion, or modification (Bren-
nicke et al., 1999). The most common type is adenosine (A) to(D and E) miRNA Taqman PCR validation of deep sequencing. All readings wer
number were log2 transformed and then normalized to miRNA-124. (D) The value
higher expression in Gad2 than Camk2a, and vice versa. n = 3 for deep sequenc
sample. Values above 0 represent higher expression in SST than PV, and vice ve
(F) miR-133b and miR-187 expression in four neocortical neuron types. The cell-
case. Value above 0 indicates higher expression than neocortex sample, and vic
(G) Comparison between RNAs purified from FACS sorting and miRAP using Ta
Figure S3 and Tables S3–S6).inosine (I) base modification in dsRNA which is catalyzed by
adenosine deaminases (ADAR). Pri-miRNAs and Pre-miRNAs
are double stranded and can serve as ADAR substrate (Blow
et al., 2006; Kawahara et al., 2008; Luciano et al., 2004). Such
modification of miRNAs could affect their biogenesis and alter
target specificity, thus affecting miRNA function (Yang et al.,
2006; Nishikura, 2010).
Since the brain is a primary site of ADAR expression in
mammals, we looked for evidence of miRNA editing in our
samples. We first searched reads that have single nucleotide
mismatches to miRNA and miRNA* but not perfectly matched
to the genome. To avoid considering untemplated 30-terminal
addition, we focused on mismatches that occurred >2 nucleo-
tides from the 30 end. We observed substantially higher A-to-G
base change above any other types of single nucleotide
changes, indicating A-to-I modifications in miRNAs (Figure S5A).
To look for specific sites of A-to-I editing in individual miRNAs,
we calculated the rate of A-to-G changes at every genomic posi-
tion of the sequenced reads. If there are at least 10 raw reads
supporting the editing event, and the fraction of A-to-Gmodifica-
tion at certain position exceeded 5% in at least two libraries, it
was considered as inferred A-to-I editing sites. Under these
criteria, we discovered 18 editing sites in all the libraries. None
of these sites corresponded to known SNPs. Most of them
have been reported before, such as miR-381,miR-376b/c and
miR-377, etc. (Chiang et al., 2010; Kawahara et al., 2007; Linsen
et al., 2010; Table 2).
As a control, we examined the background error rate of single
mismatch in the two synthetic RNA oligos (M19 andM24) that we
used during library construction. The total percentage of single
mismatch is significantly lower than that from miRNAs, as is
the rate of mismatch at each position of the oligos compared
to the 5% filter criteria we set. In addition, A-to-G mismatch is
not the highest kind of mismatches in the 12 possible single
nucleotide mismatches found in the reads of control oligos (Fig-
ure S5B). This result indicates that the A-to-I editing events we
observed in miRNA reads are most likely to be biological.
Discovery of Novel miRNAs
We sought to identify novel miRNAs from our deep sequencing
data using a miRNA-discovery algorithm, miRDeep2 (Fried-
la¨nder et al., 2008). We did prediction for each of the 19 libraries,
and combine the results according to genomic position of the
prediction. In total, 26 candidates passed the score cutoff of 6,
which provided the highest signal-to-noise ratio (7.36) of the
prediction, and had normalized read number larger than 1 per
million in at least two libraries. These candidates were manually
curated to remove highly palindromic precursors or redundant
sequences resulting in a refined set of 24 miRNA candidatese normalized to miRNA-124 using the DDCt method. Deep sequencing reads
of Camk2a sample was compared to Gad2 sample. Values above 0 represent
ing; n = 4 for Taqman PCR. (E) The value of PV sample was compared to SST
rsa. n = 2 for deep sequencing; n = 4 for Taqman PCR.
type-specific data were normalized to data of neocortex homogenates in each
e versa.
qman PCR in Camk2a neurons. n = 4. Error bar: standard deviation (see also
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Figure 5. Correlation among miRNA Gene Expression, Genomic
Organization, and Sequence Similarity
(A) Correlation of the expression and genomic distance of miRNA genes. Each
miRNA gene was paired with every other miRNA gene lying in the same
orientation on the same chromosome. For each pair, the distance between the
two loci was ranked, and the correlation coefficient for their expression was
plotted according this rank (gray circle). The red line indicates the relationship
between the rank and actual genomic distance. Fifty-point moving average of
correlation coefficients was calculated. The difference of eachmoving average
and the next was plotted according to the rank (black diamond). The blue line
indicates the first point where this value deviates abruptly from the previous
ones, i.e., where the average correlation coefficient beyond certain genomic
distance changes abruptly.
(B) Correlation of expression among miRNA genes within a family (intrafamily)
and those that do not belong to the same family (interfamily). miRNA genes
within the same family tend to have higher correlation coefficient than those
that belong to different families. The relative frequency counts (density) on y
axis are arbitrarily defined so that the sum of area in all bins is equal to 1 (see
also Figure S4 and Tables S3–S6).
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42 Neuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc.(Table S7). One of them has recently been deposited into miR-
base V17 (mmu-mir-3572) (Spierings et al., 2011). Most of these
predicted novel miRNAs have the same seed sequence as
known miRNAs in other species, supporting the hypothesis
that they are bona fide miRNAs. Among these, 15 predicted
novel miRNAs reside in introns of other genes and 4 derive
from small nucleolar RNAs (snoRNAs). To validate the prediction,
we performed miRNA northern blotting. We were able to detect
positive signals corresponding to putative miRNA precursors
and/or mature miRNAs for 11 candidates using total RNA ex-
tracted fromP56mouse neocortex (Figures 6 and S6A). Because
some candidate miRNAs were only sequenced in libraries made
from cell type specific miRAP samples, it is possible they were
undetectable by northern blot due to extremely low expression
levels. We further performed Taqman PCR for a set of 11 candi-
date novel miRNAs, 7 of which overlapped with the Northern
blotting validated set. All of them were well amplified from whole
brain total RNA. Whenever the candidates were detected at
sufficient levels (data not shown), highly consistent level of
expression for each candidate were observed not only among
biological replicates of whole brain total RNA (Figure S6B) but
also among those of cell type specific miRAP samples.
DISCUSSION
A necessary step toward understanding the regulatory function
of miRNAs in the brain is gaining a comprehensive knowledge
on their expression in the relevant cell types of the neural circuits
and in the relevant physiological and developmental processes.
However, to date, analysis of miRNA expression profiles in the
brain has relied on tissue homogenates which completely erase
cell type distinction. This approach not only cannot detect and
quantify miRNAs in rare (and yet important) cell types but also
makes it nearly impossible to interpret results in the context of
neural circuits that underlie the function under investigation.
Physical enrichment of target cell population can significantly
improve cell-type resolution but suffer from several limitations.
FACs (Arlotta et al., 2005) or manual sorting (Sugino et al.,
2006) of fluorescence labeled cells and laser captured microdis-
section (Rossner et al., 2006) are often laborious and of low yield.
The extensive manipulation of tissue causes cell damage and
stress which alter gene expression. Here, we establish a geneti-
cally targeted and affinity-based miRNA profiling method,
miRAP, which largely overcomes these obstacles. miRAP is
conceptually similar to TRAP and Ribo-Tag, which are designed
for mRNA profiling, and presents several major advantages.
First, miRAP captures miRNAs during their biogenesis and func-
tion within the cell in situ, thus bypassing physical enrichment
and can be applied to tissues that are difficult to dissociate.
Second, miRAP avoids physical damage and stress of cells.
Third, miRAP procedure is simple and sensitive. Indeed, when
estimated by the Ct value of miR-124 from two methods for
the same cell type, the yield of RNA from miRAP samples is
70–400 times higher than FACS from the same amount of start-
ing material, likely due to loss of fluorescence and cell death
during FACS preparation and process. Together, these features
of miRAP make it ideal for deep sequencing and Taqman PCR
analysis in rare cell types when sample pooling is necessary.
Table 1. Summary of Tissue-/Cell-Type-Specific Strand Selection
Pv Som Gad2 Purkinje CamkIIa Neocortex Cerebellum
mmu-mir-544 0.088 1.132 0.119 2.337 0.065 1.837 0.224
mmu-mir-299 0.853 0.105 0.893 1.915 1.097 1.507 3.543
mmu-mir-485 0.036 0.512 0.246 5.073 0.991 0.514 2.630
Value in the table is the log2 transformed ratio of 50 and 30 arm reads after adding pseudocount of one. Negative value means more reads from 50 arm
than 30 arm of the miRNA precursor and vice versa. See also Figure S4 and Table S2.
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system is similar to Ribo-Tag (Sanz et al., 2009) and has several
advantages over bacTRAP (Heiman et al., 2008a). First, we can
make use of well-characterized Cre drivers which allow reliable
and consistent expression of tAGO2 in genetically defines cell
types in any tissue of interest, thus avoiding concerns about
random insertion of BAC transgenes in the genome and ectopic
expression in different transgenic lines. Second, Cre-dependent
tAGO2 expression is well suited to study the effect of cell specific
gene manipulations when combined with various floxed alleles.
Third, because miRAP captures miRNA in situ under the physio-
logical state of the cell, it allows meaningful assessment of
miRNA profiles in the context of neuronal development, function,
plasticity, pathology, and in mouse models of brain disorders.Table 2. Inferred A-to-I Editing Sites in miRNAs
miRNA
Editing
Position
Editing
Site
Editing
Fraction Reference
mmu-miR-100 1 AAA 0.2% N.A.
mmu-miR-1251 6 UAG 11.0% (Chiang et al., 2010)
mmu-miR-3099 7 UAG 72.5% (Chiang et al., 2010)
mmu-miR-
337-3p
11 UAU 6.5% N.A.
mmu-miR-
34b-5p
11 AAU 4.5% N.A.
mmu-miR-376b 6 UAG 72.9% (Kawahara et al., 2008;
Linsen et al., 2010)
mmu-miR-376c 6 UAG 56.0% (Kawahara et al., 2008;
Chiang et al., 2010;
Linsen et al., 2010)
mmu-miR-377 10 AAG 12.6% (Linsen et al., 2010)
mmu-miR-378 16 CAG 10.2% (Chiang et al., 2010)
mmu-miR-379 5 UAG 26.8% (Chiang et al., 2010)
mmu-miR-381 4 UAC 23.0% (Chiang et al., 2010)
mmu-miR-411 5 UAG 43.6% (Chiang et al., 2010)
mmu-miR-421 14 UAA 9.7% (Chiang et al., 2010)
mmu-miR-467c 3 AAG 10.2% N.A.
mmu-miR-467e 4 AAG 0.5% N.A.
mmu-miR-497 2 CAG 0.9% (Chiang et al., 2010)
mmu-miR-99a 1 AAA 6.1% (Kawahara et al., 2008)
The 50 end of thematuremiRNA registered at themiRBase site is counted
as 1. The edited fraction for each miRNA is calculated by dividing
combined edited reads number with total reads number (perfectly
matched reads + edited reads) from all the libraries. Boldface indicates
editing in UAG triplets. See also Figure S5.Finally, combined with other Cre-dependent genetic tagging
systems, such as the Ribo-Tag, miRAP allows an integrated
analysis of different molecular profiles in the same cell type using
a defined drive line; this will facilitate a deeper understanding of
the multilevel and multifaceted gene regulatory mechanisms,
such as those involving miRNA-mRNA interactions.
The Cre-activated expression of tAGO2 in our miRAP method
is unlikely to significantly alter miRNA profile in the cells for the
following reasons. In the tAgo2 mouse line in which tAGO2 is
expressed in all cells of the animal, the expression level of
tAGO2 is significantly lower than the endogenous AGO2,
assayed by western blotting from whole brain lysate (Figure 1C),
or neocortex and cerebellum lysate (Figures S1D and S1E). Inter-
estingly, the combined level of tAGO2 and AGO2 in tAgo2 brain
is comparable to, if not less than, the level of AGO2 in LSL-tAgo2
mouse brain (with no tAGO2 expression), suggesting a feed-
back regulation of Ago2 expression. Similar phenomena was
observed in Drosophila S2 cell lines, where the Flag-Ago2 stable
cell line expresses less total AGO2 than do naive S2 cells (Czech
et al., 2009). When we perform miRNA Taqman PCR using total
RNA extracted from neocortex and cerebellum of P56 LSL-
tAgo2 versus tAgo2 mice, same pattern was observed in a set
of 28 miRNAs (Figure S1G). None of the Cre activated LSL-
tAgo2 mouse lines show any notable phenotype in development
and behavior. The fact that the expression of cell-type-specific
markers (e.g., PV, SOM) appears unaltered also suggests that
there is nomajor change of cell identity due to tAgo2 expression.
Epitope tagged Ago2 has been widely used to study RISC func-
tion and to immunopurify miRNAs (Liu et al., 2004; Karginov
et al., 2007), and no change of Ago2 function has been reported
due to fusion with an epitope tag. In addition, in the validation
experiment for Camk2a -Cre, the expression of miRNAs in two
mouse lines harboring different transgenic allele, i.e., LSL-
tAgo2 and LSL-H2B-GFP, showed the same expression level
for the miRNAs examined. All together, these results indicate
that the miRAP system is unlikely to affect the native miRNA
profiles.
When comparing expression data obtained from miRAP and
FACS, we detected discrepancy in expression levels of a few
miRNAs (Figure 4E). This is likely due to the following factors.
First, physical damage and stress during FACS sorting may alter
miRNA profiles, because expression of certain miRNAs are
sensitive to neuronal activity or respond to cellular stress.
Second, FACS sorted neurons only retain cell body, whereas
most of their neuronal processes are lost, along with the miRNAs
that are localized in dendrites (Tai and Schuman, 2006) and
synapses (Schratt, 2009; Lugli et al., 2008). miRAP, on the other
hand, should capture miRNAs in neurites since AGO2 has beenNeuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc. 43
Figure 6. Secondary Structures and Northern Blot Validation of Two
Candidate Novel miRNAs, miR-N3 and miR-N16
miR-124 was included as positive control. Red region: mature miRNA; yellow
region: loop; purple region: miRNA*. *signals corresponding to putative mature
miRNA. ^signals corresponding to putative miRNA precursor (see also Fig-
ure S6 and Table S7).
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Cell-Type-Based MicroRNA Analysisshown to localize in dendrites (Cougot et al., 2008; Lugli et al.,
2005) and tAGO2 signal can be detected in dendrites (Figure 3).
Third, not all mature miRNAs are incorporated into RISC
complex. Profiles from miRAP likely represent ‘‘active’’ miRNAs
which are associated with Ago2, while miRNA extraction
from sorted cells harvests steady state miRNAs regardless of
their functional status. Finally, within each major GLU and
GABAergic neurons in our study, subtypes likely express
tAgo2 at different levels and show different miRNA expression
and regulation, including their response to stress and physical
damage during FACS. The compounding effect of these factors
will affect themiRNAs profiles obtained from these twomethods.
Another common method to validate RNA expression is in situ
hybridization using LNA probes. Unfortunately, our extensive44 Neuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc.effort did not yield consistent and interpretable results, probably
due to the relatively low expression of cell type specific miRNAs.
A potential caveat in a molecular tagging strategy to nucleic
acid purification is the redistribution of the affinity tag to the
untagged pool during homogenization and IP. This is more con-
cerning when the tag is of low affinity and requires chemical
cross-linking. This issue is inherent to the tag and IP procedure
itself and thus is common to all datasets; it would reduce the
observed magnitude of differential expression among cell types.
This issue is less of a concern for miRAP because AGO2-miRNA
interaction is very stable and of high affinity (Tang et al., 2008). In
addition, comparison of FACS with miRAP in the Camk2a-Cre
line suggests that our method faithfully represent the miRNA
profiles in this cell type.
Discovered less than two decades ago, miRNAs have since
been implicated in the regulation of almost all aspects of cellular
processes. Despite their prominent expression in the mamma-
lian brain, the role of miRNAs in brain development, function,
and plasticity remains poorly understood. A major challenge is
to link miRNA activity in defined neuron types to specific aspects
of neuronal specification, development, and physiology; charac-
terizing miRNA profiles in specific cell types is the first step.
Using miRAP, we have obtained a set of miRNA expression
profiles in defined neuron types in mouse brain. Our study
reveals the expression of a large fraction of known miRNAs
with distinct profiles in glutamatergic and GABAergic neurons
and subtypes of GABAergic neurons. We have further detected
putative novel miRNAs, tissue- or cell-type-specific strand
selection of miRNAs, and miRNA editing. This generally appli-
cable miRAP method will facilitate a systematic analysis of
miRNA expression and regulation in specific neuron types in
the context of neuronal specification, development, physiology,
plasticity, pathology, and disease models. Targeting of rare cell
types may further reveal novel, low abundant miRNAs and link
novel regulatory mechanisms such as miRNA editing to specific
neuronal and circuitry function.
Identification of mRNA targets in defined cell types is key to
understanding the biological function of miRNAs. As miRNA
activity requires base-pairing with only 6–8 nucleotides of
mRNA, target prediction through bioinformatics has proven to
be challenging. Recently, Ago HITS-CLIP has been used to
profile miRNA-mRNA targets in the mouse brain (Chi et al.,
2009). Genetically targeted miRAP provides a possibility for
cell-type-specific Ago2 HITS-CLIP using the MYC or GFP
antibody.EXPERIMENTAL PROCEDURES
Generation of Mouse Lines
To generate mouse line that conditionally expressGFP –myc-Ago2, a cassette
containing LoxP-STOP -LoxP-GFP-myc-Ago2 was cloned in to a Rosa26-
CAG targeting vector which contains DTA negative selection marker. GFP-
myc-Ago2 is a gift from Dr. Richard M. Schultz in University of Pennsylvania.
The STOP cassette contains Neo gene which confers G418 resistance. The
targeting vector was linearized by PacI digestion and transfected into
C57BL/6 mouse ES cell line. G418-resistant ES clones were screened by
PCR first using a forward primer upstream of 50 homologous arm and a reverse
primer in the transgene promoter region, then confirmed by Southern blot of
EcoRV digested DNA, which was probed by a 134 bp genomic fragment
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Southern blot. Positive ES cell clones were injected into albino C57BL/6
blastocysts to obtain chimeric mice following standard procedures. Chimeric
mice were bred with albino C57BL/6 mice to obtain germline transmission. To
generate mouse line that conditionally expressH2B-GFP, ZsGreen gene in Ai6
vector (Madisen et al., 2010) targeting vector was replaced with H2B-GFP
gene. Ai6 vector is a gift from Dr. Hongkui Zeng from Allen Institute for Brain
Science. C57BL/6;129 hybrid ES cell line was transfected and screened using
same strategy as Ai6 mice. Positive ES cell clones were used for tetroploid
complementation to obtainmale heterozygousmice following standard proce-
dures. Heterozygous mice were bred with each other to obtain homozygotes.
Homozygotes were bred with Cre driver lines for experiment.
CMV-cre (Stock NO 003465), Camk2a –Cre (Stock NO 005359) and two
lines of L7-Cre mice(Stock NO 006207 and 004146; the first one was used
for miRAP, the second one was used for immunostaining to show tAGO2 local-
ization in Purkinje cells) were purchased from Jax laboratory. Pv-ires-Cremice
were gift from Dr Silvia Arber. Gad2-ires-Cre and Som-ires-Cre were gener-
ated in the Huang lab as described previously (Taniguchi et al., 2011). ES
cell transfections, blastocyst injections and tetroploid complementation
were performed by the gene targeting shared resource center in Cold Spring
Harbor Laboratory.
Immunohistochemistry and Confocal Microscopy
Postnatal animals were anaesthetized (avertin) and perfused with 4% parafor-
maldehyde (PFA) in 0.1 M PB. The brains were removed and postfixed over-
night at 4C. Brain sections (50 mm) were cut with a vibratome. Sections
were blocked with 10% normal goat serum (NGS) and 0.1% Triton in PBS
and then incubated with the following primary antibodies in the blocking
solution at 4C overnight: GFP (rabbit polyclonal antibody; 1:800; Rockland),
parvalbumin (Pv, mouse monoclonal antibody; 1:1000; Sigma), somatostatin
(SOM; rat monoclonal antibody; 1:300; Millipore); lamin B (goat polyclonal
antibody;1:100; Santa Cruz Biotechnology). Sections were then incubated
with appropriate Alexa Fluor dye-conjugated IgG secondary antibodies
(1: 400; Molecular Probes) in blocking solution and mounted in Fluoromount-
G (SouthernBiotech). For immunostaining against Gad67 (mouse monoclonal
antibody; 1:800; Millipore), no detergent was added in any step, and incuba-
tion was done at room temperature for 2 days at the primary antibody step.
In some experiments, sections were incubated with TOTO-3 (1:3000; Molec-
ular Probes) together with secondary antibodies to visualize nuclei. Sections
were imaged with confocal microscopy (Zeiss LSM510 and Zeiss LSM710).
miRAP
Neocortex and cerebellum of P56mouse brain were dissected on ice and flash
frozen in liquid nitrogen, ground to a fine powder, and resuspended in
10 volume of ice-cold lysis buffer (10 mM HEPES [pH 7.4], 100 mM KCl,
5 mM MaCl2, 0.5% NP-40, 1 mM DTT, 100 U/ml RNasin) containing Roche
Complete proteinase inhibitors, EDTA-free. Tissue suspension was homoge-
nized using glass douncer. Homogenates were centrifuged for 30min at
13,000 3 g, 4C to pellet cell debris and unsolubilized material. Mouse-anti-
c-Myc (sc-40; Santa Cruz Biotechnology), mouse-anti-Ago2(2E12-1C9;
Anova) or mouse IgG1 (Molipore) conjugated protein G Dynabeads (Invitrogen)
were added into supernatant, and the mixture was incubated in 4C with end-
over-end rotation for 4 hr. Beads were washed twice with low-salt NT2 buffer
(50mMTris-HCl [pH 7.5], 150mMNaCl, 1mMMgCl2, 0.5%NP-40, 1mMDTT,
100 U/ml RNasin) and twice with high-salt NT2 buffer (50mMTris-HCl [pH 7.5],
600 mM NaCl, 1 mM MgCl2, 0.5% NP-40, 1 mM DTT, 100 U/ml RNasin) and
treated with 0.6 mg/ml proteinase K for 20 min at 55C. RNA was extracted
by acid phenochloroform (Ambion), followed by chloroform, and precipitated
with sodium acetate and glycoblue (Ambion) in ethanol overnight 80C.
RNA pellet was washed once in 75% ethanol and resuspended in water for
further application.
FACS Sorting and RNA Extraction
Neocortex and cerebellum were dissected and cut into small pieces on ice
before dissociation. Tissue dissociation was performed using Papain Dissoci-
ation System (Worthington Biochemical Corporation, Lakewood, NJ) accord-
ing to manufacturer’s instruction. Cells were washed once with FACS buffer(1% BSA in PBS, 50 U/ml RNasin, 12.5 U/ml DNase), resuspended in 2ml
FACS buffer with 1 mg/ml RNase-free propidium iodide for dead-cell discrim-
ination. GFP-positive PI-negative single cells were FACS-sorted directly into
Trizol-LS (Invitrogen) for RNA extraction according to manufacturer’s
instruction.
miRNA Taqman PCR
Real-time RT-PCR analyses of RNA purified by miRAP or from FACS sorted
cells were carried out using Taqman MicroRNA Assays (Applied Biosystems)
on 7900 HT real-time PCR machine (Applied Biosystems) according to the
manufacturer’s instruction. All reactions were run in triplicate. Data were
normalized to miRNA-124. When deep sequencing data was compared with
RT-q-PCR data, the per million reads number for each miRNA was log2 trans-
formed and normalized to miRNA-124.
Small RNA Library Generation and Sequencing
Libraries for deep sequencing were prepared from RNAs extracted from
immunoprecipitation products following standard protocol. Briefly, RNA was
successively ligated to 30 and 50 adaptors, gel purified after each ligation,
reverse transcribed, and PCR amplified using Solexa sequencing primers.
PCR product was gel purified, quantified, and sequenced for 36 cycles on
Illumina Genome Analyzer II. Radiolabeled synthetic RNA oligos (M19,
CGUACGGUUUAAACUUCGA; and M24, CGUACGGUUUAAACUUCGAAA
UGU) were spiked in to trace RNA on UREA-PAGE during library preparation,
and were depleted by PmelI digestion after PCR amplification. Significant
amount of oligos were retained in the libraries and were used as spike-in oligo
control for RNA editing analysis.
Sequence Processing, Mapping, and Annotation
Raw Illumina sequencing reads were trimmed from 30 linker, filtered for low-
quality reads, and collapsed to unique sequences retaining their individual
read count information. Unique sequences 18 nt or longer in length were map-
ped to the University of California at Santa Cruz mm 9 assembly of the mouse
genome using bowtie allowing no mismatch. miRNA annotations were made
according to miRbase version 16. Raw data and annotated sequences of
the small RNA libraries are uploaded in the GEO database (accession number
GSE30286).
Data Normalization and Comparison
To quantify and compare miRNA expression across data sets, we used edgeR
package developed by Robinson and Smyth (Robinson et al., 2010). Briefly,
we used ‘‘calcNormFactors’’ function which calculated the sample whose
seventy-fifth percentile (of library-scale-scaled counts) is closest to the
mean of seventy-fifth percentiles as the reference to get the effective library
size for normalization (TMM [trimmed mean of M values] normalization). To
detect pairwise differential expression of miRNAs in different cell/tissue types,
we used ‘‘exact test’’ which is based on negative binomial models and the
qCML method (Robinson and Smyth, 2008; Robinson and Smyth, 2007).
The results of the ‘‘exact test’’ was accessed by the function ‘‘topTags’’ to
get the p value, fold change and the false discovery rate (FDR) for error control
(Benjamini and Hochberg, 1995). The same data sets were randomly shuffled
10,000 times and then processed under the same procedure. According to this
result, p value for the actual data set was set to 0.001 as the cutoff to report
differentia expression of miRNAs (Robinson and Oshlack, 2010; Robinson
et al., 2010). To generate the heatmap of miRNA expression across data set,
we used the mean centered expression of each miRNA and miRNA*. For hier-
archical clustering, the average linkage of Pearson Correlation was employed
(Eisen et al., 1998).
Identification of Arm Switching miRNAs
To classify reads from 50 and 30 arms, we grouped reads from each library
according to alignment with miRNA precursors. For each miRNA, we summa-
rized the reads in libraries prepared from the same cell type or tissue type. The
fold enrichment was calculated as the log2 ratio of 50 and 30 arm reads after
adding pseudocounts of one. Only miRNAs with unique precursor and five
or more reads on either arm in at least ten libraries were considered and
reported.Neuron 73, 35–48, January 12, 2012 ª2012 Elsevier Inc. 45
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Each sequencing library was filtered for sequences that uniquely aligned to the
genome with one mismatch >2 nt from the 30 end of miRNA or miRNA*. The 12
possible mismatch types were then quantified at each position covered by the
filtered reads. The individual editing fraction in each library was calculated as
the number of reads containing a certain mismatch at a particular position
divided by the number of filtered reads covering that position. To screen
inferred A-to-I editing sites, A-to-G mismatches were filtered for editing frac-
tion >5% at a particular position and reads number >10 for each library,
respectively, and then combined together to calculate the editing fraction in
all libraries. None of the inferred A-to-I editing sites was found to correspond
to known SNPs by checking in the Perlegen SNP database and dbSNP.
Novel miRNA Prediction
Novel miRNAs were predicted bymiReep2 which uses a probabilistic model of
miRNA biogenesis to score compatibility of the position and frequency of
sequenced RNA with the secondary structure of the miRNA precursor (Fried-
la¨nder et al., 2008). Prediction was performed according to the manual of
miRDeep2. Each library was processed separately, and the results were
combined together according to genomic location. The signal-to-noise ration
of the prediction was calculated according to the manual of miRDeep2.
miRNA Northern Blotting
miRNA northern blotting was performed following standard protocol (Pall and
Hamilton, 2008). Briefly, total RNA was extracted from p56 mouse neocortex
using Trizol-LS Reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Thirty to fifty micrograms of total RNA were resolved on 15% denaturing
polyacrylamide gels and transferred onto Hybond NX membrane (Amerhsam)
with a Trans-Blot SD semi-dry transfer cell (Bio-Rad). RNA was crosslinked to
the membrane using EDC method at 60C for 1 hr, prehybridized for at least
2 hr in Ultrahyb-Oligo (Ambion) at 37C, and hybridized overnight with 32P-
labeled DNA probe. Membrane was washed 3–4 times in 0.13 SSC, 0.1%
SDS 37C, and exposed to phosphor screen for 1 hr to 3 days.
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